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SWITCHING METHODS FOR THE IMPROVEMENT OF TRANSIENT STABILITY 
LIMIT OF A POWER SYSTEM. 
Due to the high cost of erecting new transmission lines as well 
as increasing difficulty in getting right of ways, the techniques for 
improvement of transient stability limit have beenngiven high importance 
A number of techniques have been developed for this purpose. This include 
excitation control, fast turbine control, series compensation, dynsunic 
brakes and generator and load dropping etc. These schemes have certain 
advantages and certain disadvantages; and the best choice or combination 
of choices depends on particular application. Any new technique of stabi-
lity enhancement which can be applied to a large scale power system is 
still needed and will be enthusiastically received by power system engineers 
Similarly electromechanical oscillations of large amplitude in a 
power system are undesirable. The damping of these oscillations as 
quickly as possible is also needed. The present trend in the methods for 
the improvement of transient stability and control of oscillations is 
infavour of using discontinuous changes in the system. Therefore 
switching methods are increasingly being used in power system for these 
applications. 
The objective' of this thesis are: 
1) development of 120 degree phase rotation and 360 degree phase 
rotation methods of switching for the improvement of transient-
stability limit of a power system. 
IV 
2) development of switching schemes for the control of electrcmechanical 
swings in a power system. 
The major contributions of the thesis are listed below: 
/(a) For the first time a new technique of 120-degree phase rotation 
for the improvement of transient stability limit of a power 
system has been proposed. The application of this scheme in 
improving the transient stability of a remote steam turbine 
generation integrated to a large system by long transmission 
lines has been demonstrated. Stability enhancement for two 
large systems with weak interconnection is also demonstrated. 
(b) The series capacitor switching in conjunction with fast «7alving 
is shown to improve the transient stability of a power.system. The 
main contribution here is that the disadvantage of sub-synchronous 
resonance is avoided in this scheme and more time is available 
for fast valving to be effective. 
(c) The effectiveness of autoreclosing breakers in minimizing the 
oscillations in a power system is demonstrated. 
An outline of the work reported in the thesis is given below: 
'» 
i) The first chapter gives the general introduction of the problem 
and reviews the literature in this area. 
ii) The chapter 2 deals with the application of 120-degree phase 
rotation scheme for the improvement of transient-stability 
limit of a power system. Simplified mathematical models of 
single machine infinite bus system and two large systems connected 
through tie lines have been taken in the transient stability 
analysis. The switching scheme using logic circuitry and 
power relay is also developed. For double circuit lines the 
possibility of using 120-degree phase rotation scheme along 
with fast valving is also examined. 
iii) The application of 120-degree phase rotation scheme in improvement 
of power system stability is examined using detailed methe-
matical models. A 13 machine power system example is presented 
to illustrate the application of this scheme in a large power 
system. 
iv) The chapter 4 presents a modified form of series capacitor 
switching for the improvement of transient stability. The 
capacitor is switched in when the machine angle lies between 
TT and 2TT radians thereby the risk of sub and super synchronous 
resonance is avoided. Since the system stabilizes after 360 
degree phase rotation more time is available for fast valving 
and excitation boosting. 
v) In chapter 5 application of 3-pole and 1-pole autoreclosing 
breakers in reducing the electromechanical oscillations in a 
power system is presented. Using simple mathematical models 
it is demonstrated that in reducing the oscillations not only 
the excess energy of the system must be controlled,but control 
should also be provided to increase the kinetic energy of the 
System. The opening of 3-poles or 1-pole of an autoreclosing 
breaker is shown to be quite effective. 
vi) The chapter 6 summarizes the results of the thesis and 
indicates the possibilities for further work. 
TABLE OF CONTENTS 
Page 
LIST OF FIGURES I 
SYNOPSIS IV 
CHAPTER I GENERAL INTRODUCTION AND REVIEW 
1.1 Introduction 1 
1.2 Methods for Transient-stability Enhancement * 2 
1.2.1 Control of Excitation 2 
1.2.2 Control of reactance 3 
1.2.3 Single pole switching and reclosing 4 
1.2.4 Fast load control 5 
1.2.5 Control of reactive power 7 
1.2.6 Other methods of improvement 10 
1.3 Statement of the Problem 11 
1.3.1 Organization of thesis 13 
CHAPTER II 120-DEGREE PHASE ROTATION SCHEME FOR 
IMPROVEMENT OF TRANSIENT STABILITY 
(USING SIMPLE MATHEMATICAL MODELS) 
2.1 Introduction 14 
2.2 Basic Theory 15 
2.3 120-degree phase rotation scheme 17 
2.3.1 Switching arrangement 23 
2.4 Power system model having two tie-lines 28 
2.4.1 Numerical Example 32 
2.5 Transient shaft torques 37 
2.6 Protective relay requirement 37 
2.7 Conclusion 40 
CHAPTER III 120-DEGREE PHASE ROTATION SCHEME FOR 
IMPROVEMENT OF TRANSIENT STABILITY 
3.1 Introduction 41 
3.2 A remote power station connected to a large system 42 
3.2.1 Numerical Example 43 
3.2.2 Switching over voltages 49 
3.3 Stability analysis of large scale power system 49 
3.4 Conclusion 53 
CHAPTER IV SYSTEM STABILITY ENHANCEMENT WITH 
360-DEGREE PHASE ROTATION AND ON 
LINE CAPACITOR SWITCHING 
4.1 Introduction 55 
4.2 Equal area analysis 56 
4.3 System study 61 
4.4 Conclusion 65 
CHAPTER V SWITCHING METHODS FOR MINIMIZATION OF 
SWINGS IN POWER SYSTEM 
5.1 Introduction 67 
5.2 The problem of electro-mechanical oscillations 68 
5.3 Control of auto-reclosing breakers 72 
5.4 Application of 1-pole reclosing breakers in 79 
minimization of swings 
5.4.1 System 80 
5.4.2 Aim states 82 
5.4.3 Results 83 
5.5 Capacitor and 1-pole breaker switching 85 
5.5.1 Numerical Example qo 
5.6 Conclusion 
CHAPTER VI CONCLUSIONS AND SUMMARY 
6.1 Objective 
6.2 120-degree phase rotation scheme 
96 
6.3 Stability enhancement with 360-degree phase rotation 96 
6.4 Minimization of swings 
6.5 Scope for further work 
REFERENCES 
APPENDIX B Excitation system equations 
93 
95 
96 
97 
98 
10 5 
APPENDIX C Governor Control System ^Q^ 
APPENDIX D Data for the 13 Machine System ^^ , 
APPENDIX F u^ 
CURRICULUM VITAE 12® 
CHAPTER I 
GENERAL INTRODUCTION AND REVIEW 
1.1. INTRODUCTION: Synchronous machines are the most commonly 
used machines for the generation of electricity. Whenever more 
than one synchronous machine are running in parallel, the prob-
lem of stability may arise. The term power system stability is 
applied to an a.c. power system and indicates a condition in which 
ill the synchronous machines of a system remain in synchronism, 
or in ste^ p with each other. 
The term transient stability is used to indicate the ability 
of a power system to survive a sudden change in generation, load 
or system characterstics without loss of synchronism. Extensive 
growth of electric power systems and the development of e h v 
transmission systems have only accentuated the problem of main-
taining stabilaty during disturbances. With the increase of 
individual alternator unit size, the inertia constants have de-
creased, and the per unit reactances have increased; thus reducing 
the stability margins. The increasing tendency towards higher 
power- (ac1;or operating conditions has also aggravated the problem 
oi tfanslent stability. 
There tort' during last two decades the emphasis of power 
engineers have been to predict with accuracy the stability 
mnrgin,',; and/or to control the dynamic behaviour of the system 
as well as imprcwe the transient stability limit of a power 
system. 
1.2. METHODS FOR TRANSIENT-STABILITY ENHANCEMENT: Transient 
stability studies are worked out as part of planning for new 
generators. Also routine studies are carried out to determine 
the stability of a power system for different forms of disturb-
ances. The alternative methods for the improvement of stability 
are also studied and implemented if needed. The present trend 
in the methods for the improvement of transient stability appear 
to be in favour of using discontinuous changes in the system. 
In contrast the earlier methods were continuous in nature exempli-
fied by generator voltage regulation. A large number of technical 
papers have appeared on the methods that can be used to improve 
the transient stability limit of a power system. These can be 
broadly classified under following 6 categories: 
i) Control of excitation, 
ii) Control of reactance, 
3ii) Single pole switching and reclosing, 
iv) Fast load control, 
v) Control of reactive power and 
vi) Other methods of improvement. 
These methods are discussed in the next few sections which 
also gives a review of the work in this area. 
1.2.1.CONTROL OF EXCITATION: Increased speed of exciter response 
was one of the first means suggested and applied for improving 
power system stability. As early as 1944 Concordia realized 
that the so called "steady state stability*' of a system can be 
increased by using high gain continuous acting voltage regulators. 
Although excitation control is mainly responsible for enhance-
ment of dynamic stability, the effect of excitation system 
response on the first swing of electromechanical transients 
in a machine has been studied in detail by concordia, Brown 
2 3 
and others ' . In reference (3) it is shown that by a change 
in exciter response ratio from 0.5 to 3.0; a gain of approximate-
ly one cycle in critical clearing time was obtained for that 
particular system. However, recent study has shown that fast 
excitation systems are not always beneficial in damping the 
oscillations that follow the first swing. Some times they may 
contribute to growing oscillations several seconds after 
the occurence of a large disturbance. Therefore the excitation 
system control is found to be more beneficial in increazing the 
4 5 dynamic stability ' than the transient stability. Power system 
stabilizers along with the excitation control is used for this 
purpose. 
1.2.2. CONTROL OF REACTANCE: One of the method for improving 
the transient stability limit of a long transmission line is 
by using series capacitors to reduce the transfer reactance 
between generators. The use of series capacitors can improve 
the steady state as well as transient stability . Kimbark in 
1966 for the first time proposed that the series compensation 
can be made more effective for improving the transient stability, 
if part of it is switched on, after the occurence of a fault. 
Q 
The optimal control of switching was suggested by smith in 1969 . 
Bang-Bang control of reactance was thoroughly investigated 
9-12 by Reitan and Rama Rao . They also suggested that the 
electro-mechanical transients arising out of a disturbance 
can be quenhed in a non-oscillatory dead beat manner using 
a set of two capacitors. Given the initial state and the 
final state, suitable control of reactance has been obtained 
to minimise the time of oscillations optimally. 
However, the problems in using series capacitors are; 
(i) their high capital costs and (ii) the chances of sub-synchro-
nons resonance . Recently a number of methods for limiting 
the sub-synchronons resonance phenomena have been suggested. 
But with the initial costs of capacitors being quite high, the 
cost of filters and other control measures for avoiding the 
S.S.R further add up to the cost. Therefore the series capacitors 
are not very attractive now. Apart from sub-synchronous resonance, 
series capacitors also increase system short circuit capability 
and transient shaft torques. 
1.2.3. SINGLE POLE SWITCHING AND RECLOSING: For a transmission 
line having non-permanent faults, high speed reclosing provides 
a simple means of increasing the transient stability. However, 
for delayed clearing of faults, the reclosing must be made as 
early as possible to have any significant advantage. If the 
reclosing is made after the peak on the power-angle curve the 
effectiveness is gradually reduced. 
The main problem with single pole switching and reclosing 
15-17 is the extinction of secondary arc current . When the 
faulted conductor of a 3-ph line is opened at both ends to clear 
a ground fault, it. is capacitively and inductively coupled to 
the two unfaulted conductors which are still energized. The 
capacitive coupling has more pronounced effect and can main-
tain the arc by feeding the current to the fault. Therefore 
it is not possible to have very fast reclosing breakers. Apart 
from the problem of arc extinction the transient shaft torques 
are also large for unsuccessful reclosures. 
1.2.4. FAST LOAD CONTROL: Fast load control procedures can 'be 
18 
applied for improving the stability of a power system . The 
various techniques used for fast load control are application 
19-21 
of braking resistors , fast halving for reducing the steam 
power quickly ~ , and generator and load dropping . The 
braking resistors located near a large generating plant in a 
sending area and connected in shunt with the 3-ph bus by a suit-
able switch are used for improving the stability. During a 
fault on the bus or on a line near the bus the power output 
suddenly drops and the generators are accelerated. By a suitable 
device the increase in kinetic energy of the generator above a 
threshold value is detected and the switch connecting tbe braking 
resistors is closed. The switch is opened after the fault has 
been cleared. Most of the control schemes employ a single cycle 
dynamic braking to ensure first swing transient stability in 
conjunction with other means such as fast valving, capacitor 
switching etc. However, reference [12] has suggested the multiple 
cycle dynamic braking to stabilize the system in optimal time. 
NormalJythe brakes are given a short time rating of 2 sec. to 
reduce the cost. If the clearing of the fault is delayed the 
brake must be disconnected before the unsafe temprature is reached. 
For generators installed at the remote end, a 3-ph series 
brake inserted in the neutral ends of single phase unit trans-
26—27 
formers offers better means of increasing stability 
Reference [27] indicated a combination of a series brake and 
fast valving as an attractive proposition from economic 
considerations. 
For steam turbine generators fast valving is an attractive 
measure for stability enhancement, as it involves very little 
extra expenditure. During a short circuit near the generator 
bus the output of the generator decreases drastically and there-
fore the mechanical input power to the turbine should also be 
decreased quickly. This can be accomplished by means of fast 
valving. During a fast valving operation, the interceptor valves 
are rapidly shut (in 0.1 to 0.2 sec.) and immediately reopened 
(within approx.ll sec). There are several units, now in 
operation, which employ fast valving, and many new units are 
under construction. It has been observed that fast valving is 
most effective when operated with minimum time delay. The use of 
load unbalance relay or accelerating power relay must be properly 
adjusted because once the fast valving is initiated, it is irrever-
sible. However the use of fast valving in conjunction with any 
other means of improving stability is a good proposition. 
Generator dropping can be used for the remote plants which 
have two or more units, for improvement of stability, during 
severe fault conditions. The use of generator dropping has the 
maximum advantage in a sending area when there is a loss of large 
load. The disadvantage of generator dropping is the time re-
quired to return the unit to service, and the consequential 
loss of production. 
Load shedding is required to counter act loss of 
generation in a receiving area. The loads which are not 
very important can be interrupted for a short duration. The 
load shedding followed by restoration can be obtained by any 
of the following methods: 
(1) opening of one or more selected feeders followed by 
a reclosure 
(2) temporary depression of voltage by an intentional short 
circuit followed by its clearing, 
(3) temporary depression of voltage by connection of a 
shunt reactor followed by its disconnection. 
The load shedding sensed by under frequency relays above 
is too slow to affect the transient stbility. Therefore 
signals from generator circuit breakers, relays and the power 
output of the generator or tie lines are necessary. 
1.2.5. CONTROL OF REACTIVE POWER: It has been found that the 
reactive power absorption limit of a synchronous machine during 
light load (near zero) is affected by quadrature axis synchronons 
reactance only. Therefore, in lines having higher value of 
reactance, the problem of absorbing reactive power under light 
load conditions is sometimes more severe from the point of view 
of stability, than a real power unbalance. It is in this context 
the possiblility of putting a second field winding on the rotor, 
28—30 
and controlling its excitation suitably was first examined ' . 
However it was found that this scheme is also suitable for improv-
ing the transient stability of a power system under other condi-
tions. In 1970's research was directed to explore the possibility 
of utilization of this method and to evaluate suitable controls 
31-33 
to achieve the best performance . Two types of machines 
were studied, in one of these the two field windings were 
placed along the d and q-axes of the rotor respectively. 
In other model the two field windings were placed at an angle 
of 60 degrees. The latter machine was called the divided 
winding rotor machine. The improvement in transient stability 
is obtained because of following two reasons: 
(i) Since a field winding is also available on the q- axis 
of the rotor, it has its own flux linkage. Therefore during 
disturbance the q-axis flux also tries to maintain its pre-
fault value or there is no transient saliency (X d=X q). 
Thus the power output during the transient condition is 
intreased. 
(ii) It was also found that the load angle of a d-q machine 
31 
is shifted by an angle a during transients , giving a 
greater transient power at the angle of maximum swing: 
However the cost of such machines and their control circuitry 
becomes large and therefore this method has not found wide spread 
use. 
To provide long time asynchronous running^Asynchronons-
34-35 synchronous machine was also tried ^. This type of machine 
has a poly-phase field winding and a fast response excitation 
system. By applying polyphase supply to the excitation winding 
it is possible to ensure the rotation of excitation vector E 
and the terminal voltage V to be at the same speed even though 
the rotor is running at some other speed. However, slip frequency 
currents are induced in the stator, and for large values of slip 
the excitation system must handle very large power. This 
together with high cost of field winding and its sophisticated 
control circuitry makes the system unfavourable for general usage. 
Another alternative of controlling the rotor excitation angle 
by reactive power control is to include a phase shifting device 
between the machine terminals and its associated power system. 
Kelly and Musgrave have studied this method for the improvement 
of transient stability of a simple power system model. The amount 
of phase shift involved was 40-60 degrees and the criterion for the 
insertion of phase shift was the instant when rotor angle exceeds 
120 degrees. The authors have considered the variation ofvarious 
parameters, like the amount of phase shift, its mode of insertion 
and their effect on the stability of the system. They have also 
suggested the apparatus to obtain phase shift during on-load 
'conditions. 
The scheme is simple but the apparatus and its control during 
on load is very difficult. Therefore the practical implementation 
37 
of such a scheme in near future is not possible 
More recently shunt reactive power compensation with thyristor 
controlled reactive power devices is finding a wider employment on 
interconnected power systems. These devices provide new and 
efficient tool for maintaining voltage deviations within close 
tolerances during disturbances and for the enhancement of both 
dynamic and transient stability of the system ~ . The fast control 
of reactive power can improve the transient stability of a system. 
The reference [39] describes a method to locate static VAR com-
pensators so that the MVAR injection has the greatest effect on 
10 
relative accelerations to provide damping of electromechanical 
oscillations. However, it is also found that the locations which 
can help in improving the transient stability can also deteriorate 
the transient conditions if proper control is not chosen. Ref. 40 
describes a method by which the dynamic stability of the system 
can be improved. 
1.2.6 OTHER METHODS OF IMPROVEMENT : For long lines the reactance 
of the line is quite large and the steady state stability limit is 
low. The transient stability limit is always less than steady state 
stability and therefore it is also low. In an uncompensated line 
operating at its natural load the phase of the voltage at the sending 
end varies directly with the distance, going through one cycle (360°) 
per wave length. Assuming that for transient stability of the system 
this angle should not exceed 30°, the length of the line must be less 
than 500 km for a 50 Hz system. Beyond this distance the system 
can transmit only less than natural load of the line. The most 
economical method of increasing the distance of transmission is by 
using series compensation. By making 50% compensation the distance 
can be doubled 
Another method of making very long a.c. power lines to operate 
without losing stability is to make the line electrically longer 
42-44 than half wave length . Then the distance of transmission 
becomes shorter than half wave length. If the distance of the line 
lies between 1/12 th and half of its wave length the electrical 
length may bo artificially increased by adding either (a) lumped 
LC sections at the end or (b) shunt capacitors at intervals along 
the length of the line. 
11 
Direct current transmission has no problem of stability. 
Therefore for transmitting large amount of power over long dis-
tances d.c. lines may be used in future transmissions. The power 
flow in d.c. lines can be controlled fast. This property is use-
ful in minimizing the oscillations in parallel a.c. - d.c. systems, 
thereby improving the stability. Machida, Uhlman and others have 
suggested the control of d.c. link for the improvement of transient 
45-46 
stability of a parallel a.c - d.c system .However, further in-
47 48 
vestigation by Goudie and Dash have shown that the control 
scheme must be properly investigated before applying to a system. 
For a weak a.c. system the control of d.c. power may not be bene-
ficial, also for all the operating conditions same scheme cannot be 
used. 
1.3 STATEMENT OF THE PROBLEM : In the earlier sections the import-
ance of transient stability improvement and the methods available 
for thi:i purpose has been described. In this work few new methods 
have been suggested for improvement of transient stability as well 
as for controlling the electromechanical transients. The work em-
bodied in this thesis may be broadly classified in three sections. 
I. The 120-degree phase rotation method for the improvement 
of transient stability limit of a power system is si;ggested. The 
study for a single machine as well as for multimachine system 
Using simple and detailed modelling is described. 
II. A new scheme of capacitor switching in which the risk 
of sub-synchronous resonance is avoided is developed for the improve-
ment of transient stability. 
12 
III. Development of few new switching schemes for reduction 
and control of swings in an interconnected power system are also 
given. 
The following problems have been dealt in this thesis: 
A. The application of 120-degree phase rotation scheme for 
the improvement of transient stability of a power system has been 
suggested. Simple as well as detailed mathematical models have 
been used to demonstrate the improvement in transient stability 
limit of (i) a remote power system connected to a large system 
and (ii) a tie line connecting two large systems. The implementa-
tion of 120 degree phase rotation scheme along with the switching 
arrangements for phase rotation; circuit for the measurement of 
power system states as well as logic circuitry required have been 
described. 
E. A scheme of one line capacitor switching in which the 
system will stabilize after a slip cycle (360-degree phase rotation) 
is also discussed. The effect of selecting a particular value of 
capacitance on the power system transient as well as its effects 
on the system voltages is also discussed. With the help of mathe-
matical models its effectiveness for a remote power station connected 
to a large system is demonstrated. 
C. The application of autoreclosing breakers as well as 120-
degree phase rotation for minimization of swings in a power system 
is also suggested. The Computer results for these schemes are also 
presented. 
13 
1.3.1 ORGANIZATION OF THESIS: Having stated the problems 
discussed in the thesis in the earlier section their organization 
is as follows: 
Chapter I of the thesis gives the general introduction and 
the review of earlier work. 
Chapter II of the thesis outlines the 120-degree phase rota-
tion scheme using simple mathematical models for simple and multi-
machine system. The implementation of these schemes is also 
discussed. 
Chapter III describes the application of 120-degree phase 
rotation scheme using detailed mathematical models for single and 
multimachine system. The hardware required to implement this 
scheme in an actual power system is also described. 
Chapter IV is devoted to the study of on line capacitor switch-
ing to stabilize the system after 360-degree phase rotation. 
Chapter V various switching schemes for minimization of swings 
in an interconnected power system are discussed. 
Chapter VI contains the conclusions and summary of the 
results presented in the thesis. Some suggestions for further 
investigations are also included. 
14 
CHAPTER II 
120 DEGREE PHASE ROTATION SCHEME FOR IMPROVEMENT 
OF TRANSIENT STABILITY 
(USING SIMPLE MATHEMATICAL MODELS) 
2.1. INTRODUCTION: Due to the high cost of new transmission lines 
as well as increasing difficulty in getting right of ways, the tech-
niques for improvement of transient-stability limit have been given 
high importance. As discussed in Chapter I, these include excita-
tion control, fast turbine control, series compensation, dynamic 
brakes, and generator and load dropping etc. These schemes have 
certain advantages and certain disadvantages; and the best choice or 
combination of choices depends on the particular application. 
In this chapter a 120-degree phase rotation scheme for enhance-
ment of transient stability limit is explored. The basic theory 
and associated switching scheme for a simple single machine - infinite 
bus system is also discussed. The phase rotation scheme can be 
effectively used to augment other stability enhancement measures 
such as fast valving or dynamic brakes. The possibility of applying 
this scheme is examined for the following applications: 
1. A remote steam or hydro turbine generation connected to 
a large system by long transmission lines. 
2. Two large systems connected through tie lines. 
It has been shown that in both the cases for a single circuit 
line the improvement in transient stability is very large. Because 
in the absence of phase crossing facility the plant may be lost. 
For a double* circuit line the plant must have a facility either 
15 
for fast valving or dynamic brakes or both,then the 120 degree 
phase rotation scheme augments these measures. The improvement 
in stability is substantial in this case also. 
2.2. BASIC THEORY : The basic theory of the 120-degree phase 
49 
rotation scheme was first published by the author in 1976 . The 
concept of phase rotation is similar to the phase shifting trans-
former -insertion method. As discussed in section 1.2.5 by inserting 
a phase shift of about 40 to 60 degrees there can be improvement 
in transient stability . Since in a 3-phase system, there is a 
natural phase displacement of 120 degrees available between any two 
consecutive phases; it is possible to insert a phase shift of 120-
degree by simply changing the phase connections between the machine 
terminals and its power system. 
Consider a single machine infinite bus system connected through 
a single circuit transmission line as shown in Fig. 2.1. This 
simple system can represent a remote power station connected to a 
large system or two large systems connected by a tie line. Suppose 
a 3-ph dead short circuit occurs very near to the finite machine; 
the power output of the machine suddenly drops to zero. This fault 
is cleared by simultaneous opening of the bi'eakers at the two ends. 
If the line is equipped with autoreclosing circuit breakers it will 
be reclosed after normal reclosure time t .The time required for 
autoreclosing is the sum of relay operating time t , the breaker 
tripping time t, and the autoreclosure dead time t . The autore-
closure dead time is provided for the deionization of the fault arc, 
and this time cannot be reduced beyond a certain limit, for a 
15 
successful autoreclosure . For a system equipped with fast relays 
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and circuit breakers the time t is about 0.35 seconds, for a 50 Hz 
e 
system. Thus during the time when the line is faulted and till it 
is reclosed, the power output is zero, and the machine accelerates. 
Therefore if the line is reclosed after the critical clearing time 
t the stability is lost. The critical clearing time t depends 
on the prefault power output and the inertia constant of the machine. 
Therefore for t > t the system with simple autoreclosing is unstable. 
But if the line is reclosed with 120 degree phase rotation the system 
may remain stable for considerable higher prefault power transfer. 
The proposed scheme for 120-degrees phase rotation is given by the 
author in reference [50] and is described below. 
2.3. 120 DEGREE PHASE ROTATION: For the simple system shown 
in Fig. 2.1 it is assumed that all the losses in the system, damping, 
saliency in the machine, and the governor and regulator action can 
be neglected. The machine induced voltage E and the infinite bus 
voltage V are shown in Fig. 2.2 For reverse power flow (for two 
systems connected by a tie line) the machine voltage E' is indicated 
by broken lines. 
At the instant of fault, which is assumed to be a 3-ph dead 
short circuit, the power transfer through the line becomes zero-
Therefore the swing equation can be written as 
H d^6 ^ o 1 
po 2.1 rrfo 2 dt 
where H is the inertia constant of the finite machine and po is 
the prefault power. 
- 1 8 -
EB' 
VB 
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The critical clearing angle 6 upto which the machine may 
be allowed to swing without losing stability may be obtained by 
applying equal area criteria [51] and is given by 
6c = Cos"-*" [r (TV -2sin~"'" r) - Cos (Sin""^  r)] 2.2. 
where r = po/pm and pm is the steady state stability limit of the 
system, assumed to be 1 p.u. and r is a measure of transmission 
capacity. 
As discussed earlier for an autoreclosing time of 0.35, the 
angle 5e must not exceed 6c. As seen from table 2.1, the transient 
stability limit of the system is low for small values of inertia 
constants. Since with the increase in rating of the machines the 
inertia constants have decreased, values of the equivalent per unit 
inertia constants from 2 to 4 only have been considered. 
In the proposed 120-degree phase rotation scheme the RYB phases 
of bus 1 are to be synchronized with the YBR phases of bus 2 (for 
forward power flow). For reverse power flow, the machine 1 will 
experience retardation and therefore phasor E„ will move towards 
VB. For this case the RYB phases of bus 1 should be synchronized 
with BRY phases of bus 2. To provide for 3 possibilities of connec-
tions between bus 1 and bus 2, three switches are required. Since 
the cost of two additional circuit breakers will be very large, 
it is proposed that three isolators Is-,Is2 and Is3 (Fig 2.1) which 
have arrangements for fast closing operation may be used. The 
closing time of these isolators may be designed to be of same 
order as that of circuit breaker CB^ or CB„. Then for isolator Is, 
20 
in the circuit the following sequence of operation is necessary. 
I) Trip circuit breakers CBI and CB_ to isolate the fault. 
II) Open isolator Is, and close isolator Is^ (for forward 
power flow) or Is„ (for reverse power flow). 
Ill) Reclose CB^ and CB-. 
If the change in speed is negligible, the equal area cri-
terion of stability can be applied. The fig. 2.3 shows the power 
angle curves A and B for normal connection and after phase rotation 
respectively. To determine the stability of the system the area ' 
A^  :$.A_ . For different values of the inertia constant, the equal -aKsea^  
area criterion is applied for different prefault power transfers and 
the stability of the system determined. The results with simple 
autoreclosing are compared with 120-degree phase rotation scheme in 
Table 2.1. It is found that for inertia constants having values 
between 2 and 3, there is lot of improvement in transient stability. 
However, for higher values of H the switching is not allowed till 
the angle ^e :^ 120 degree to avoid reverse power flow and because of 
this delay there is not much improvement intransient stability limit. 
- 2 1 -
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2.3.1. SWITCHING ARRANGEMENT: As discussed earlier in this 
chapter the 120-degree phase rotation scheme can be beneficial 
in the case of a remote power station feeding to a large system, 
or two large systems connected by a tie line. The switching 
arrangements for the two cases will be slightly different. In 
the first case the flow of power is always from the remote 
station to the large system; hence the logic circuitry is simple. 
In the latter case the power flow can be from either side, but 
the switching arrangement is provided on one side only. Therefore 
a directional power relay and a slightly complicated logic cir-
cuitry is required to provide the alternative connections. 
The switching arrangement for the first case is shown in 
Fig. 2.4. It consists of a power relay having two settings -
Low and High. The Low and High setting is obtained by solving 
the swing equation for autoreclosing case. The value of prefault 
power for which the system is stable with simple autoreclosing 
only is the low power setting of the relay. For higher values of 
power if the system is unstable with autoreclosing only, re-
closing with 120 degree phase rotation should be attempted. This 
condition is indicated by the High setting of the relay. Since 
any transient change in power must not be considered the power 
relay is designed on the principle of maximum demand indicator 
meter. The output of power relay indicates the average value 
oi power for a very short duration (about 2 seconds) and indi-
cates this value for next two seconds. The three isolators Is , 
1' 
Is„ and Is„ have opening and closing time of few cycles only 
24 
(like any circuit breaker but without provision for arc extinction) 
The various operations required for the functioning of 120 degree 
phase rotation scheme are as follows: 
i) Trip circuit breakers CB^ and CB^ to isolate any 
transmission line fault. 
ii) Start timers at both ends to count the autoreclosure 
dead time ta; and reclose CB- at t=ta. Reclose CB^ 
if power relay output is low. 
iii) If power relay output is high the isolator operations 
must be performed e.g. if Is, was on, it is opened 
and Is^ is closed. 
iv) If isolator operations are over and V^  is leading V , 
close CB^. 
Since during the working of the system with this scheme 
any one of the three isolators may be in the circuit at the time 
of disturbance, arrangements must be provided for all the three 
isolator connections appropiately. The block diagram for swit-
ching control circuit is shown in Fig. 2.4. 
For the power system model of two large systems connected 
by a tie line, the switching scheme is shown in Fig. 2.5. In 
this system the power flow can be from either side. Therefore 
if the power flow is from machine 1 to machine 2 and a fault 
occurs on the transmission line, machine 1 will accelerate and 
machine 2 will decelerate. For reverse power flow (from machine 
2 to machine 1 ), exactly opposite will happen. Thus if isolator 
Is^  was in the circuit at the time of fault, Is„ will have to be 
connected for 120 degree phase rotation for forward power flow 
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and isolator Is for reverse power flow. Again as in previous 
case for low values of power the system is stable without phase 
rotation. Switching of isolators is not required for such cases. 
Therefore the operation of isolators is required for high setting 
of the relay and the connection will depend on the direction 
of power flow. A 4 step power relay, with two sets of terminals 
low and high for each direction of power flow is required. 
For high power setting of the relay, a check should also 
be made before closing CB^ that E^^a leads E_^o slightly for 
forward power flow, otherwise unwanted motoring action will 
follow. Such a check may be performed by connecting two poten-
tial transformers at the two sides of the circuit breaker 
CB. (Fig. 2.1). The secondary windings of the two potential 
transformer are connected to a phase comparator. The phase 
comparator output is available for O S a S e o r e S a ^ o 
depending on the direction of power flow, e represents a preset 
reference angle and its value selected is very small. With 
these constraints for the operation of isolators, a switching 
control logic can be formulated as given below: 
i) Trip CB^ and CB_ to isolate any transmission line fault. 
ii) Start autoreclosure time counter and close CB^ and 
CB„ after normal autoreclosing time for low setting 
of power relay. 
iii) For the high setting of power relay, CB^ shall not 
be reclosed till the isolator operations are over 
and a check for E^ leading E_ for Forward power 
tlow (E leading E^ for reverse power flow) is made. 
iv) Closing or opening of any isolator should be carried 
out only when CB^ is off. 
28 
v) For isolator operations the following rules should 
be observed. 
(a) For power flow in any direction and high setting 
of relay, the isolator which is in circuit should 
be opened. 
(b) For forward power flow Is-^ should be closed pro-
vided ISo was on before the fault. 
(c) For reverse power flow Isi^  should be closed pro-
vided ISo was in the circuit before the fault. 
Similar constraint clauses may be formulated for closing 
of other isolators. The signals indicating the ON or OFF 
position of isolators are obtained from their auxilliary ontacts. 
When isolator operation is in progress, the command sig-
nal is likely to be disturbed. To nullify this effect CB- trip 
signal is transformed into a pulse; the command signals for the 
isolators are also obtained in the pulse form and are stored 
in bistables till their operation is over. The holding circuits 
are then reset. Signals indicating the closing and opening of 
isolators are also held till CB is closed and then these bi-
stables are also reset. On the basis of these constraints a 
block diagram of switching operation is developed and is shown 
in Fig. 2.5. Here P indicates the pulse former or differentiator, 
holding circuits are bistablesand AND/OR represent the AND/OR 
logic gates. 
2.4. POWER SYSTEM MODEL HAVING TWO TIE-LINES : The possibility 
of applying 120-degree phase rotation scheme in a power system 
model with double tie lines is examined here. In this case 
for a severe fault in any one of the line together with delayed 
29 
clearance, the system may become unstable. The 120-degree 
phase rotation scheme will only be applied when it is imminent 
that the system will lose stability and has to be shut down. 
The method is to disconnect two groups of generators when the 
angle between them has increased to about 120 degrees due to 
certain fault in one of the transmission line and then reclose 
it with 120-degree phase rotation. Since in this case the 
sound line is also opened, to reduce the total acceleration 
energy, fast valving, excitation control and/or dynamic braking 
is essential to get sufficient benefits. Therefore this scheme 
can be applied only for thermal plants having provision for fast 
valving. For implementation of this scheme,three additional 
circuit breakers or one circuit breaker plus 3 fast isolators 
are required. The latter scheme is shown in Fig. 2.6. 
For the purpose of illustration equal area criteria is 
well suited and is applied here. The power-angle curve of the 
simple system is shown in Fig. 2.7. Curve 1 of this figure in-
dicates the power flow when both the lines are in operation and 
curve 2 when only one line is in service. Curve 3 refers to 
one line in operation with 120 degree phase rotation. This 
curve has higher value of maximum power than curve 2 due to the 
voltage regulator boosting. Suppose a slow clearing 3-phase 
fault occurs on one of the lines near machine 1 (corresponding 
angle 6^). This faulted line is cleared by opening both the 
breakers CB„ and CB^ at an angle 6„. During the fault the 
rotor of machine 1 accelerates (for forward power flow from 
M/C 1 to M/C 2). A small amount of additional acceleration 
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occurs after clearing the fault because the output with one 
line in service is still less than the mechanical input. Refering 
to equal area diagram it is clear that area A-> A„ therefore machine 
1 will go out of step with machine 2. Normally in an interconnected 
power system out-of-step relay is used to detect such a condition 
and the machine is tripped before the out-of-step angle exceeds 
52-53 120 degrees . This is to prevent excessively high circuit 
breaker recovery voltage. Thus for this particular case the plant 
would be lost if no stability enhancement measures are provided. 
By providing a 120 degree phase rotation connections and fast 
valving or dynamic brake, it is possible to successfully reclose 
the line. As shown in Fig. 2.7 the out-of-step relay opens the 
circuit breaker CB^ and simultaneously fast valving is resorted to. 
The reclosure with 120 degree phase rotation takes place at an 
angle 6 . Since time is available for fast valving to become 
effective, a large amount of deceleration energy is available as 
shown by area A . The total area A- + A. is greater than A^  + A„; 
hence the system will be stable. 
2.4.1. NUMERICAL EXAMPLE : To show the benefits of 120 degree 
phase crossing scheme in double circuit tie lines, a specific 
example is considered here. A 300 KV system is referred with 
E = E„ = 300 KV. The tie-lines have reactances of 120 Ohms 
and 60 Ohms respectively. When both the tie-lines are in service 
P = 6750 MVA the normal load on the system is 4230 MVA. The 
value of P when the line with 120 Ohms of reactance is opened 
is 4500 MVA. The value of P„ after the phase crossing and boosting 
33 
by excitation system is 5000 MVA (Assuming lly^  boosting). Then 
choosing per unit power of 6750 MVA, per unit voltage of 300 KV 
and per unit reactance of 40 Ohms. The various quantities of 
this example in p.U. system are E^ = £„ = 1.0 P^ = 1.0 Pp = 0.667 
P„ = 0.743 and P = 0.627. 3 m 
The change in mechanical power due to fast valving is 
assumed to be linear, the power starts decreasing after 0.1 sec. 
and reaches to half of its initial value in 0.8 sec. It remains 
constant at this value for about 1.6 seconds and then starts in-
creasing linearly. Therefore using above assumptions regarding 
voltage regulator boosting, fast valving and using a simple model 
of machines the system dynamics is given by: 
For 3-ph fault near the generator bus and till it is cleared 
the swing equation is 
^ ^ ^ - P = 0.627 2.3 I'fo ,,2 m dt 
0 S t S t 
c 
where t is the clearing time, 
c ^ 
After the fault is cleared by opening the faulted line 
from both ends the system equation becomes. 
- ^ ^-4 = Pm - 0.667 sin6 2.4 
- f O , , 2 
dt 
for 6o S 6 < 120° 
when the machine angle exceeds 120 degree, the out-of-step relay 
34 
orders the opening of breaker CB^, therefore the power output 
becomes zero again and fast valving is applied. The system 
equation becomes 
-I ^ = P 2.5 
.fo ^^2 
^6 = 120"" ° = *= ^-09 )4.5 cycles) 
Assuming 3 cycle closing time switches the circuit breaker CB-
is reclosed after 0.09 seconds, then the system equation with 
excitation boosting becomes 
- ^ ^-4- = 0.75 Pm - 0.743 sin6 2.6 
TTfO ,,2 dt 
for t < ts 0.8 = t 
Assuming that the turbine power will reduce to 50% in 0,8 seconds. 
2 
—T— — n ~ 0.65 Pm - 0.743 s m 6 2.7 
nfo ,,2 ^ dt 
tg i ti 3.0 
These simplified equations are solved by a digital computer using 
4th order Ringe Kutta method. The critical clearing time for 
the fault is calculated for the case when 120-degree phase ro-
tation is not required and a case when phase rotation is necessary, 
The critical clearing times are as follows: 
for the loading assumed 6^  = 0.677 rad. 
and H = 3.5 
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For t < 0. 12 sec. the system is stable and 120-degree phase rotation 
c 
is not necessary 
For t SO. 15 sec the system with phase rotation is stable 
c 
The swing curve for the latter case is shown in Fig. 2.8. 
The switching scheme using logic gates is shown in Fig. 2.9. 
2.5. TRANSIENT SHAFT TORQUES : For power plants driven by steam 
turbines the transient shaft torques due to switching may cause 
torsional fatigue and therefore must be investigated. Joyce Kulig 
54 
and Lambrecht have investigated the torsional fatigue of turbine 
generator shafts caused by different electrical system faults and 
switching. According to their studies the impact of line switch-
ing on the shaft torsional stress depends largely on the short 
circuit capability of the systems involved and the difference in 
phase angle across the breaker. Since the short circuit capability 
of a remote power station connected to a large power system is low, 
hopefully the potential shaft torques are not likely to cause un-
acceptable fatigue. 
To find out the possibility of torsional fatigue due to the 
load rejection switching during phase rotation switching or due 
to malsynchronization during reclosing it owJstbe investigated for 
a particular system in consultation with equipment manufacturer. 
2.6 PROTECTIVE RELAY REQUIREMENTS : The 120-degree phase rotation 
scheme implementation in an actual system will require some modi-
fications in the protection system. One such modification re-
quired is in the connections of distance relays at the generator 
side of the remote power station. Since the PT and CT feeding 
fa S 
38 
the relays are permanently wired the change in phase connection 
may lead to their maloperation. Therefore the connections of CT 
and PT should also be changed according to the switch connection 
between generator and infinite bus. In case of double circuit 
line, additional relaying along with switching in control circuits 
would be required to maintain differential bus protection to include 
the unit breaker CB^. 
The control for opening of CB^ could be based on angle 
advance and rate of advance combined with any other method of 
out-of-step detection. A number of methods are now available to 
find out the angle of advance of a synchronous machine together 
55-57 
with its rate of change . In reference 57 the authors 
Mukhtar Ahmad and Nasiruddin have suggested the application of 
doubly fed induction motor in power system state measurements. 
The slip ring type of induction motor is used by them as a trans-
ducer. A pointer is connected to the rotor and the angle of 
advance is indicated on a fixed circular disc. If a contact is 
provided at an angle of 120-degrees, a signal can be made avail-
able, whenever the machine angle exceeds 120 degrees. To find out 
the rate of change of torque angle, a digital tachometer is con-
nected to the shaft of the doubly fed induction motor. The tacho-
meter used is such that it can give fast response. Therefore 
the information regarding the torque angle and its rate of change 
(exceeding a thresh hold value) are available as shown in Fig.2.10. 
This information together with the information from an unrestrained 
out-of-step relay is used to open the circuit breaker CB^. 
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2.7. CONCLUSION : A 120-degree phase rotation scheme for the 
improvement of transient stability of a power system is described. 
Using simple mathematical models the improvement is demonstrated 
for (i) a remote power station connected to a large system via 
long transmission lines and(ii) two large systems connected through 
simple circuit or double circuit tie lines. The logic circuitry 
required and the measurements of power system states for the 
implementation of this scheme is also described. It is also 
shown that compared to other methods of stability improvement, 
this method has the advantage that no control action is taken 
unless the instability is imminent. With the developments tak-
ing place in fast acting circuit breakers, the scheme will 
prove to be very beneficial. 
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CHAPTER III 
120-DE6REE PHASE ROTATION SCHEME FOR IMPROVEMENT OF TRANSIENT-
STABILITY (USING DETAILED MATHEMATICAL MODELS) 
3.1. INTRODUCTION : In the earlier chapter the application of 
120-degree phase rotation scheme for the improvement of transient-
stability limit of a power system was demonstrated using simple 
mathematical models. The synchronous machines were represented 
by a voltage source behind transient reactance. The effects of 
saliency, damping and change in flux linkages were neglected. 
The action of voltage regulator and fast valving in turbine were 
over simplified. With these assumptions the system can be re-
presented with.reasonable accuracy only for a time period of 
less than 1 second. However, for a large scale power system, 
the study time may be of longer duration. The modern machines 
have faster voltage regulator, therefore the flux linkages 
change during the period of study. Therefore the effects of 
voltage and turbine controllers must be taken into account for 
any meaningful study of an actual power system. 
The formulation of system equations with detailed mathe-
matical models of synchronous machines, voltage and turbine 
controllers are well decumented in the literature [58-66]. The 
influence of generator modelling complexities on the accuracy 
of stability results varies with many factors. The dynamic 
behaviour of a real generator varies in a non-linear way with 
the electrical power delivered by the generator. Therefore 
a model chosen to represent a generator must be accurate over 
a wide range of operating conditions in terms of power output 
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and excitation. The dynamic performance of a generator is also 
affected by the transmission system to which it is connected 
and the electrical proximity between it and others of comparable 
size in the system. If it is closely coupled to other generators 
of near equal size, its dynamic behaviour during and after a 
disturbance is different from its behaviour when it is electrical-
ly remote from other generators. These conditions, plus others 
such as the severity of disturbance, and type of excitation system 
etc., influence the accuracy requirements of a generator model 
to be used. 
However, no attempt is made here to develop a new model of 
the system, instead the well stablished models for synchronous 
machine as well as for excitation system and governor control 
as given in Appendices A,Band C are used. Using these models 
the stability studies have been made to investigate:-
1. enhancement in stability limit of a remote steam 
turbine generator integrated to a large system by 
long transmission lines, and 
2. stability enhancement for two large systems connected 
via weak tie lines 
3.2 A REMOTE POWER STATION CONNECTED TO A LARGE SYSTEM: Large 
power stations are often located at a long distance from load 
centers due to economic and enviornmental factors. This is true 
for thermal plants located near the coal fields as well as hydro 
plants. Nuclear plants are also normally located a-way from 
cities due to the radiation hazards from possible accidents. 
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therefore to transfer large amount of power over long distances 
economically, series compensation of the line or measures for 
stability enhancement or both are essential. Here 120-degree 
phase rotation scheme along with fast valving and/or braking 
resistor for the improvement of transient stability limit of 
these lines for the case of thermal power stations is investigated. 
3.2.1. NUMERICAL EXAMPLE : A single machine infinite-bus system 
shown in Fig. 3.1 is considered for the purpose of illustrating 
the analysis. The generator parameters correspond to the Navaho 
unit used in the IEEE bench mark model for sub-synchronous re-
sonance and are given below [67]. 
P^ - 892.4 MVA 
Xd = 1.79 p.u. 
Xd" - 0.135 p.u 
Xq' = 0.228 p.u 
Tdo' =4.3 Sec. 
Tqo' = 0.85 Sec. 
D = 0.0 
Transmission line:-
Transformer :-
H = 2.89 
Xd' = 0.169 p.u. 
Xq = 1.71 p.u. 
Xq" = 0.200 p.u. 
Tdo" = 0.032 Sec. 
Tqo" = 0.05 Sec. 
Wo = 377.0 rad/Sec. 
R = 0.02 p.u. 
Xeq = J 0.56 p.u 
Xt = J 0.14 p.u 
The assumed fast valving characterstic of the steam turbine is 
shown in Fig. 3.2. This characterstic is similar to the response 
used in reference 24. 
This generator is connected through a unit transformer to 
a 500 KV bus and then to a large system via 2- 400 km, 500 kv lines. 
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The effect on stability of various combinations of fault durations 
and switching times was investigated. For a simultaneous 3-ph 
fault on one of the transmission lines near the generator bus. 
Without fast valving or 120-degree phase rotation the critical 
clearing time is found to be about 4.5 cycles. If fast valving 
is used immediately at the occurence of fault, the critical clear-
ing time can be increased to about 5.5 cycles. The critical clear 
inp time as specified here is the time elapsed from fault initiation 
to the time the circuit breaker poles are ordered to open at their 
next current zero. The actual fault duration is therefore slightly 
longer. If 120-degree phase rotation scheme is exployed along 
with fast valving, the critical clearing time is extended to more 
than 7.5 cycles. The circuit breaker CBl is ordered to open at 
next current zero, at the out-of-step detection and it is reclosed 
after 4.1 cycles. The circuit breaker closing time of 3 cycles 
was assumed here. If faster circuit breakers are available the 
critical clearing time can be further increased. 
Since the rotor angle advance during the fault varies as 
the square of the clearing time, the stability improvement with 
phase rotation is quite large. For a 7.5 cycles clearing time 
fault, the plot of rotor angle versus time is shown in Fig. 3.3. 
The generator dynamic power versus rotor angle plot is also 
drawn and shown in Fig. 3.4. From Fig. 3.4 it is clear that phase 
rotation allowed more time for fast valving as well as foi' excita-
tion boosting. 
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3.2.2. SWITCHING OVER VOLTAGES: Since the circuit breaker CB^ 
is to be opened during an out-of-step condition, it is expected 
that high line to ground over voltages will occur on the system 
side after its opening. These high system voltages are also 
likely to cause high recovery voltages across CB-. 
To control these over voltages, Zinc oxide surge arresters 
can be used. The gap setting of these non-linear resistances 
is to be selected after calculating the over voltages for the 
particular system. For this purpose the over voltage phenomenon 
must be analysed in detail and specific recommendations then 
can be made. 
3.3 STABILITY ANALYSIS OF LARGE SCALE POWER SYSTEM : To analyse 
and evaluate the effectiveness of phase rotation in large scale 
power system,study is made here for an actual power system con-
sisting of 13 machines, 71 buses and 94 lines. It has 5 thermal 
units and rest are hydro. The single line diagram of the system 
is shown in Fig. 3.5. The details of the data corresponding to 
the generator buses, lines and shunt/capacitors are given in 
Appendix D. The machines 1, 7 and 11 are equipped with AVR of 
IEEE type 1. The nominal frequency is 50.00 Hz. The initial 
operating conditions are obtained from the load flow studies. 
This system represents the Uttar Pradesh State Electricity 
Board power system grid which is connected to Bihar at the east 
and to Delhi at North. In ord^r to make it a two area system 
th6> transmission lines 2-52 and 26-50 have been removed , Thus 
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the large scale power system is divided in two system, the south 
east and North West systems. The line between buses 24-35 is 
a 400 kv double circuit line which now becomes the tie line 
joining the two systems. 
The simulations were run for the following condition. 
During summer season, the northwest region has shortage of power 
as it has more hydro units. If there is loss of generation due 
to sudden loss of unit 11 creating heavy import condition from 
south east to north west, it was found that the system will loose 
stability unless specific amount of load was dropped. Therefore 
the phase rotation was applied on the line between buses 24 and 
35 it was found that although the two systems have no problem 
of stability with each other, the machines B and 13 become un-
stable. It was possible to stabilize the system by having one 
more phase rotation on line 42-49. The Rotor angles relative 
to generator 6 are plotted and shown in Fig. 3.6. 
In the other large scale transient stability simulations , 
the study is made to evaluate the effectiveness of phase rotation 
between two large systems separated by the tie line 24-35. There 
is a heavy transfer of power from East to West during summer 
season. A 3-ph fault is assumed to occur at bus 24 on line 
2-24, the fault is cleared by opening the line from both end. 
However, due to sudden drop in voltage at bus 24 an out-of-step 
condition is reached in about 40 cycles and if no phase rotation 
is available dropping of generator 3 as well as load dropping 
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m northern region is necessary to stabilize the system. However 
11 the inter tie is reclosed with rotated phase connection 4 cycles 
after tho :^ ;oparation no generator dropping is necessary. The rotor 
angles lor selected machines are shown in Fig 3.7. 
From above two examples it is clear that the simple applica-
tion of a phase rotation between two large systems would be where 
th(>re is ;i sini^ le transmission linke only. In the large systems 
the main advantage of phase rotation is due to excitation boosting 
as compared to a radial system where fast valving has more dominant 
ro^e. Jn ( (^ I'tain cases when the system is unstable with phase ro-
taiion also, a hydro unitmay be dropped and a load tripping at the 
receivine; end can still make the system stable. 
3.''1 . CONCLUSION : The application of phase rotation scheme for the 
improvement of transient stability limit of a remote power station 
feeding to a large system and two large systems connected by tie 
lines is demonstrated. The methematical models used here took 
into account the effect of modern control equipments. For the 
large power systems the benefits are due to availability of more 
time for excitation boosting. This will be more beneficial for 
systems having slower excitation systems on many machines. In 
case of a r-'inotc power station feeding to a large system the 
effect ol lasi valving is more important. The main advantage 
of phas(> rotatloti sc'heme is that it is useful when the instability 
is definit(>. flK other advantages are that it can aid other 
St,ability m(-asur(s lil<Le generator and load dropping, breaking 
resistor applications. It is also possible to take advantage 
of ohase relation scheme second or third time making a rotation 
of 240 or ;-)(i() deorec^s. 
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CHAPTER IV 
SYSTEM STABILITY ENHANCEMENT WITH 360-DEGREE PHASE ROTATION 
AND ONLINE CAPACITOR SWITCHING 
4.1 INTRODUCTION : It was shown in earlier chapters that a 120-degree 
phase rotation along with fast valving can be effectively used for the 
enhancement of transient-stability limit of a power system. However, 
the number of switches required to implement such a scheme add up the 
cost of the system. It also makes the switching arrangement slightly 
more complex. To remove these disadvantages, the possibility of using 
360-degree phase rotation along with fast valving was examined. It 
was found that although more time is now available for fast valving 
to be effective, the acceleration time for the unit due to its tripping 
is also large. This results in about 5 to 1% over speed at the time 
of reclosing with 360-degree phase rotation. Thus the scheme as such 
cannot be used for the improvement of transient stability. The other 
disadvantages are high transient electrical torques during opening and 
closing of line and the need for tripping of unit. To remove these dis-
advantages a novel scheme of 360-degree phase rotation along with fast 
valving and on-line capacitor switching is explored. The value of 
capacitor switched in is such that the series resonant frequency is 
above the synchronous frequency of the system. Therefore the risk of 
sub-synchronous resonance is avoided. The chances of super synchronous 
resonance, particularly in the 3rd and 4th quadrant operation are neg-
ligible, as shown by many authors [68,70]. The scheme can be described 
as follows. For a simple power system model of single machine infinite 
bus system, if there is an out-of-step condition detected due to some 
fault, the machine is not tripped. Instead fast valving is applied and 
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frequency deviation and power angle are monitored. When the power 
angle is 180-degrees and frequency is high a capacitor is switched 
in series with the line. The value of this capacitor is such that 
the total reactance of the line becomes negative. Therefore, the 
power-angle curve is positive thereby avoiding the unnecessary 
motoring action. By properly chosing the capacitor valtre, the 
acceleration of the machine is minimised. When the machine angle 
is 360-degrees this capacitor is switched out of the circuit. 
Therefore this scheme has many advantages. The over speeding of 
the machine is avoided, the unit tripping is not necessary and 
system over voltages are reduced. However, the cost of capacitor 
is added and the selection of its proper value is necessary to get 
maximum benefits. For a remote power station feeding to a large 
system, it is easy to determine the value of capacitance necessary 
to give minimum acceleration in 3rd and 4th quadrant, as the power 
delivering capacity of the line for which the system becomes unstable 
can be easily predetermined. In an interconnected large scale power 
system the exact value of capacitance may not always be determined 
beforehand. In such cases two capacitors or a capacitor and braking 
resistor may be used. 
4.2 EQUAL AREA ANALYSIS: Once again the help of equal area cri-
terion is taken here to demonstrate the advantages of 360-degree 
phase rotation scheme in improving the transient-stability of the 
system. A power system model consisting of two tie-line interconnect-
ing a single machine to a large power system (infinite bus) is shown 
in Fig. 4.1. The power-angle diagram of the system is shown in 
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Fig. 4.2. Curve 1 of this diagram refers to the condition when 
both the lines are in service. Cruve 2 is for only one line in 
operation. Cruve 3 refers to the case when a capacitor has been 
switched in series with the line and curve 4 for the condition 
when it has been switched out. Thus curve 4 is the extension of 
curve 2. Suppose a slow clearing 3-ph fault occurs on one of the 
lines close to the sending end. This fault is cleared by opening 
the faulted line from both ends. No reclosure is attempted.Referring 
to Fig. 4.2 the rotor is accelerated during the condition of fault 
because the electrical output with one line out is less than mech-
anical input. The deceleration of the machine starts after the 
advancing angle makes the electrical power output to exceed the 
mechanical input. If the total accelerating energy is more than 
the deceleration energy the generator will lose synchronism or will 
go out-of-step with the large system. Normally an out-of-step relay 
is used to detect such a condition and to ensure opening of the 
circuit breaker to trip the machine before its angle exceeds 120-
degrees. This is to prevent excessively high circuit breaker re-
covery voltage. However, in this particular system the out-of-step 
relay is used to start the fast valving control action,the machine 
is not tripped. Since the mechanical input is higher than electri-
cal output, the machine angle will continue to increase. When the 
machine angle exceeds 180-degrees the circuit breaker CBj. is opened 
to switch the capacitor in series with the line. The 180-degree 
angle position can be easily identified by a directional power 
relay or by a load angle monitor. To further insure the correct 
switching, the frequency or the speed of the machine may also be 
60 
monitored and CB^ . is opened only when speed is high and angle is 
180-degrees. Since the fast valving is already initiated the 
mechanical power starts decreasing by now. Therefore the value 
of capacitor switched in should be such as to make the reactance 
oi the line negative and about 60% to 75% of the normal reactance 
oi the line. Therefore the macine acceleration is minimised during 
180-degrees to 360 degrees and when the machine angle exceeds 360-
degrees the circuit breaker CB is closed. Since more time is 
available for fast valving to be effective and voltage regulator 
boosting the total deceleration areas Ap+A^+A^ is greater than the 
acceleration areas A^+A_+A^ the machine is stabilized after one 
l o b 
slip cycle. The selection of proper value of capacitor is very 
important for this scheme to be really effective. Since the condi-
tion of the system with capacitor in the circuit is not a normal 
condition, the system is not allowed to stabilize under such condition 
The only purpose of the capacitor switching is to minimise the ac-
celeration during the 3rd and 4th quadrant operation. Thus if it 
has large reactance, the deceleration energy may be so large that 
the system's new steady state may lie in 3rd quadrant which is not 
desirable. If its reactance is small the acceleration energy may 
force the machine to over speed after one slip cycle and the system 
may not stabilize in the 5th quadrant. Therefore the best proposi-
tion is to use a capacitor along with a braking resistor. The 
braking resistor is inserted whenever the speed of the machine is 
more than a threshhold value. 
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4.3 SYSTEM STUDY: To find out the estimate of stability enhancement 
with this particular scheme a specific example, is considered. This 
refers to the single generator of 892.4 MVA connected through a unit 
transformer to a large system via two 400 km, 500 kv lines. The 
details of this system are already given in section 3.2.1. This 
example has been reported by the author in IFAC symposium on 
"Automation and Instrumentation for power Plants" [71]. As shown 
in section 3.2.1, for a 3-ph fault, the critical clearing time was 
4.5 cycles without fast valving or any other means of stability 
enhancement. The critical clearing time as specified here is the 
time elapsed from fault initiation to the time the circuit breaker 
poles are ordered to open at their next current zero. 
For series capacitor switching, a directional power relay 
is modelled as an instantaneous switch which orders the circuit 
breaker contacts to open immediately if the direction of power flow 
is reversed, provided the output of out-of-step relay is also high. 
The series capacitor is then switched in the circuit. As soon as 
the power flow is again reversed, the circuit breaker is closed. 
Since the breaker contacts are opened and closed at the instants 
when the power flow in the line is almost zero, the assumption of 
rleay, acting as instantaneous switch does not affect the performance 
of the system. 
The turbine power response to the fast valving is as shown 
by the curve in Fig. 4.3. It has a low pressure turbine that supplies 
50% of the total turbine power and by closing the intercept valve 
only 50% mechanical power is supplied by the turbine. If a capacitor 
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of 2.20 microfarads is connected in series the reactance of the 
line remains constant i.e. the compensation is 200%. By using 
fast valving the critical clearing time with series capacitor 
switched in is increased to 8.5 cycles. By further decreasing 
the level of compensation to about 150% the critical clearing time 
can be further increased. Therefore a combination of two capacitors 
of 10 microfarad and 2.8 microfarads can be used. The two capacitors 
are switched in at the same time but may be switched out at different 
times depending on the speed of the machine. The switching arrange-
ment to implement such a scheme is shown in Fig. 4.4. The plot of 
rotor angle versus time for the above system for 8.5 cycles clearing 
time and both the capacitors in the circuit is shown in Fig. 4.5. 
Since the rotor angle advance during the fault varies as the 
square of the clearing time, the improvement in transient stability 
is very large. Another advantage of this scheme is that the power 
swings are minimised, because to reach the angle of about 430 degrees 
the time taken is aboutl.2 to 1.4 seconds. At about this time the 
mechanical power output of the turbine starts increasing. Thus the 
power output of the generator and mechanical input to the turbine 
are both increasing at this time. Thereby making the system to 
settle quickly. 
4.4 CONCLUSION: A new scheme of series capacitor switching in 
conjunction with fast valving has been shown to be effective in 
enhancing the transient stability limit of a power system. The 
scheme can be used with two capacitors or with a capacitor and 
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braking resistor. It has many advantages; e.g. the control action 
is taken only when the system becomes unstable, the risk of sub-
synchronous or super synchronous resonance is avoided, the sound 
line is not opened and the power swings are less. The switching 
operations are carried out when the power through the line is 
zero hence circuit breakers duty is small and less over voltages 
will occur. Therefore this scheme may prove to be a good alternative 
to other methods of stability enhancement. The high cost of capa-
citors and circuit breakers may be reduced if a single capacitor 
to provide 200% compensation is used along with braking resistor. 
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CHAPTER V 
SWITCHING METHODS FOR MINIMIZATION OF SWINGS IN POWER SYSTEM 
5.1 INTRODUCTION: The transient condition in a power system due 
to occurence of faults or any other abnormal condition, results in 
fluctuations of voltage, power and current. These transients are 
deterimental to the performance of the system and must be quenched 
as quickly as possible. Therefore apart from improving the sta-
bility limit of a power system, it is also important that the system 
oscillations are minimized and the system settles to the steady 
condition in minimum time. O.J.M. Smith in 1965 outlined the various 
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methods for optimal removal of transients in a power system . These 
methods can be classified into two categories. The use of excita-
tion control or continuous control and the capacitor switching 
control or discontinuous mode of control. Since then many more 
schemes of transient control have been suggested. The optimal 
control theory has been applied by Reitan and Rama Rao, Krause and 
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Manger and Reitan and Hammad for capacitor switching to minimize 
the oscillations in optimum time. The transient rotor angle swings 
can also be controlled using a dynamic braking resistor and phase 
shift control ' 
In interconnected power systems the purpose of transient sta-
bility measures is to maintain the first swing stability, and if 
possible to provide subsequent damping of the further swings. Although 
modern control theory can be applied to effectively optimize the 
transient removal in a power system; most of these schemes require 
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a lot of on line computation and real time measurement and tele-
metring of data. Therefore the power engineers have not been 
enthusiastic to implement them. Recently with the availability 
of low cost mini and micro-computers having high reliability, 
direct digital control of power stations is now being assigned to 
these computers. Thus the control organization is now a two level 
hierarchial structure involving local controllers and area coordina-
tors as shown in Fig. 5.1. The local controllers deal only with 
the needs of a single machine or a coherent group of machines which 
can be lumped into a single equivalent machine. The local controllers 
are assigned a role in the lower order of hierarchy and have functions 
like relaying, generator speed and voltage control. Their function 
is to decide upon the value of electrical power output of the local 
machine such that it can be optimally directed to normal steady state 
from the emergency state. 
Therefore to have an acceptable scheme for optimal control 
of switching, feed back control schemes requiring very little on-line 
computation and simple local measurements have to be devised. Sen 
21 
and Meisel have proposed such a scheme for braking resistor . HVDC 
control can also be helpful in stabilizing the system as shown by 
Zaborszky et.al., 1976. The adaptive regulator developed by Kanniah, 
Malik and Hope has been found to give better results than normal 
77—78 
analog AVR in stabilizing the swings 
5.2 THE PROBLEM OF ELECTRO_MECHANICAL OSCILLATION: Whenever a 
major disturbance occurs in a power system it gives rise to electro-
mechanical transients. The power system which was in steady state 
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iiclort (1 i s i,u linuicc- lias to settle to a new steady state after the 
cli-sturbantM}. Most of the machines will settle to their new 
angles accordinp to the new steady state condition after long 
cs • il 1 a t, 1 ons . During initial period of swing the oscillations 
ar- larf:;c and 1 he linearized analysis of the system is not possible, 
Thus the pt-obleni ol large oscillations is different from small 
osciiiai ions and the methods used to analyse dynamic stability 
problem can not ne used here, till the oscillations become small. 
If we consider the oscillation of a particular machine in a power 
system it is welKnown that the electromechanical oscillations can 
oc( ur only due Lo power unbalance at its terminals. Therefore to 
c.oi'itrol liu^ sc transients, equipment must be provided, that will 
inlluoncc t lie power flow from the machine during transients. 
For a :-,ini!)le single machine infinite bus system shown in 
K i u . 5.2. Ihc- )_x)wer angle diagram is shown in Fig. 5.3. When 
a iault occurs or th(a transmission line the circuit breakers CB^ 
and CB arc opened to clear it. If the fault is not permanent, 2 J- » 
I ill licac 1;, r.closed a H ajr normal time. Since at this time the 
maciitii alio i I has advanced to ': , the power delivered by it is 
'iior^' than f li< input power, the speed of the machine is also more 
tha-i tfi( normal SJKHXI. Therefore the deceleration starts, till 
t tic machine specxi is normal, but at this instant the machine angle 
i: ,, and ! lioi'o forc^  i1 is still delivering more power. The 
dcccJeraiion continues till the power delivered by the machine 
Incomes cfjua ' 'o the power received by it. Corresponding to 
angU^ . however,now the machine speed is less than nominal 
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speed and there!ore the machine angle continues to reduce till 
the speed again becomes normal. Thus the electromechanical os-
cillations continue till these are damped by the normal damping 
available in the system. If these oscillations are to be damped 
quickly, the system energy must be redistuributed properly during 
transient condition. Here few switching techniques are described 
fo]" this purpose. 
5.3. CONTROL OF AUTO'RECLOSING BREAKERS: The basic principle of 
switching schedule for autoreclosing breakers in minimization of 
swings is given by the author in a short paper [79]. Considering 
the power system model shown in Fig. 5.2 representing an equivalent 
single machine connected to infinite bus bar, using double switch-
ing of autoreclosing breakers, it is shown that the machine can 
be directed to the new steady state in non-oscillatory dead beat 
manner. The method is described below. For a fault on the trans-
mission line the circuit breakers CB^ and CB„ are opened to clear 
the fault. The swing equation is as follows: 
,2. f^ 
d_^ = -__Op 5 1 
dt 
where P is mechanical shaft power, f is the normal frequency and 
H the inertia constant. 
Alter the normal reclosure time the line is reclosed. For 
50 Hz system the line is reclosed after 0.35 seconds. The swing 
equation is now -
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— • = -- ( P^ - - ^ - s m 6) ... 5.2 
dt 
From equal area criteria the critical reclosing angle can be de-
termined. If the angle at the time of reclosing is less than the 
critical angle, the machine will oscillate around the steady state 
point before settling down to the new condition (Fig. 5.4). These 
large oscillations of power are detrimental to the performance of 
a power system. They may some time result in maloperation of re-
lays and may affect the system voltages adversely. By suitable 
switching of breakers it is possible to reduce the machine oscil-
lations to just one swing only. For a simplified model of a power 
system the switching instants are easily identified. The following 
switching operations are needed. 
When a fault occurs, the circuit breakers at both ends of 
the line are opened to clear the fault and then reclosed after a 
time t^. As discussed earlier the machine speed is now more than 
nominal speed, the power output is also more than input and the 
kinetic energy of the machine is being used to supply this extra 
power. Aftei' a time t„ all the kinetic energy stored in the machine 
is given up and its speed is normal. However, the output of the 
machine is still more than input. The deceleration continues, the 
speed of the machine falls below normal value and the angle 6 starts 
decreasing from its maximum value corresponding to time t„. After 
a time t when the machine speed is less than normal, the line is 
opened again, so that the input power of the machine can be used to 
increase the kinetic energy of the machine. Then the switching 
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rime and the reclosing time may be so chosen that when the machine 
angle corresponds to new steady state the machine speed is also 
normal. 
For a system with following data E = 1.0 p.u. E = 0.8 p.u, 
total reactance X = 0.8 p.u, H = 3»5 and P = 0.4 p.u. the swing 
curves with and with out double switching are shown in Fig. 5.4 
and Fig. 5.5 respectively. The phase plane plot of the system 
is shown in Fig. 5.6. These figures clearly indicate the advantage 
of double switching in bringing the system to the steady state 
with out oscillations. 
To identify the second switching of circuit breaker, the 
frequency deviation shaft power, machine angle 6 and the desired 
state must be known. For single circuit line the desired state 
and prefault state are same. Therefore in this case the frequency 
deviation becomes the main criteria for opening the line a second 
time. For this purpose this author has devised a simple circuit 
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and is described below . The basic circuit is shown in Fig. 5.7. 
The signal for which the frequency deviation measurement is re-
quired is transformed to about 6.3v and passed through a comparator 
tr convert it into a train of pulses (A). The same voltage is 
applied to a phase shifting circuit. For the desired frequency 
the phase shift is adjusted to 90-degrees. The phase shifted 
voltage is also compared in a comparator to produce a train of 
pulses B. Since the phase shift 0 = 2 tan ( TT-COR^C^ ) any 
change in frequency makes the phase shift different from 90-degrees. 
The pulse trains A and B are applied to a 3-input AND gate. The 
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third input to this gate is a high frequency pulse train C. 
In another 3-input AND gate the input applied are the inverted 
signal A , B and C. Thus the output of these two gates are 
pulse trains of equal time period for desired frequency, whenever 
the frequency deviates from its desired value, the phase shift 
is different from 90-degrees. These pulse trains will have 
different mark/space ratio and different high frequency pulse 
count for the same time. An up/down counter is used to count 
these pulses and the difference gives the frequency deviation. 
5.4 APPLICATION OF 1-POLE RECLOSING BREAKER IN MINIMISATION OF SWINGS: 
That auto reclosing breakers can be used to minimise the swings in 
a power system has been demonstrated in the earlier section. The 
disadvantage of using a 3-pole reclosing breaker is that the line 
is to be opened even when there is no problem of stability. Also 
for the double circuit line, if there is a permanent fault on one 
of the lines, and the sytem is stable with one line in service, 
it will be better to open 1-pole of the sound line only to minimize 
the swings. In other methods of swing reduction the main considera-
tion is to reduce the amplitude of first swing and then try to 
reduce the acceleration of the machine in further swings. However, 
as shown in earlier sections, the machine oscillations can be very 
much minimized if the retardation of the machine is also controlled 
apart from controlling its acceleration. It is in this context, 
the opening of 1-pole of an autoreclosing breaker when the speed 
of the machine falls below a limiting value is studied. The 
excess energy of the machine can be controlled by switching a 
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braking resistor whenever the speed is increased above certain 
value. 
5.4.1 SYSTEM : The system studied is shown in Fig. 5.8. The 
system is assumed to be operating in steady state with the brake 
disconnected. A symmetrical 3-ph fault occurs on the high side 
of the transformer, causing the machine to accelerate. Complete 
data for this system are shown in Appendix F. Simulation shows 
that the critical clearing time lies between 0.16 seconds to 
0.17 seconds in the absence of any supplementary control for the 
loading level assumed. The application of braking resistor is 
studied to find out the improvement in stability for clearance 
of fault at 0.2 seconds. This problem was studied by A.Sen and 
J. Meisel [12]. They have used a second order system model and 
the swing equation is given by 
6 = 0 3 5.3 
= M f ^m - P^\^ - ^ '^ ^ • • • • -^^  
where P = electrical power output of the generator as a function 
of brake resistor value R, and all other symbols have their 
usual meaning. 
Although Sen & Meisel have studied the speed control, 
minimum norm and minimum angle strategies, the speed control 
strategy which is much simple is considered here. The speed 
control strategy is summarised by the following logic. 
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. max (R^, R^.^) for wSB. 
b £ ^ r, 5.5 
for w S e 
where the levels ± B are predetermined. 
5.4.2. AIM STATES: For a single circuit line the post fault 
equilibrium state is same as the prefault equilibrium state 
and can be used as the aim state. The other possibilities when 
the post fault equilibrium state is not known are to use the 
known prefault equilibrium state as an approximation for the un-
known post fault equilibrium state or to calculate the local 
dynamic equilibrium state as given by Zaborszky [82]. They have 
proposed the concept of a local dynamic equilibrium state and 
defined a state space in which this local equilibrium is the 
origin. Since this state space transformation can be determined 
at each generator bus bar by measuring the voltage and local 
line flow only it is particularly suitable for use with localized 
aiming strategy. 
For the model shown in Fig 5.8(b) the relationship between 
P(R, ) and R(b) is given by 
a R ^ + b R 
P (R, ) = 5.6 
^ d R^^ + C 
where a = (X^ + Xg) Vb E sin 6 
b = (X^E)^ + X^ X2 Vb E cos 6 
c = (X^ X2)^ 
Therefore to determine the appropriate value of the brake R, , 
the calculation of Vb, E and 6 is required. It is assumed that 
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the real power P and the reactive power Q delivered at the machine 
terminals and the terminal voltage, V along with P and w are 
m ni 
available as measurable variables. Then the following equations 
are used to reconstruct V, , E and 6 
b* 
\ " ^1 ^m t^P/Vm^ - RT"^^ ^ ^^/^l • Q/Vm^)^]* 5.7 
% 
E = V^ X2 [(P/Vm^)^ + (Q/Vm^ + ^  )^]^ 5.8 
_^ P/Vm^ _. P/Vm^ - 1/R^  
and 6 = tan" ( ^ ) + tan ( „ ) 5.9 
Q/Vm''^  + I/X2 1/X^ - Q/Vm^ 
5.4.3. RESULTS: A system as discussed earlier was simulated on 
digital computer and the stability test with dynamic brake was 
made. The value of R . was taken as 1 p.u. ohms which is the 
m m 
minimum allowable value of the brake. This corresponds to a 
0.4 p.u power at the normal voltages at the braking time. The 
integration step size was 0.01 sec. The effect of speed control 
using the brake improves the transient stability of the system. 
For the study of electromechanical swings, a plot of 6 and 6 is 
drawn as shown in Fig. 5.9(a). It is found that the trajectory 
hangs up near zero angular speed and the rotor angle moves very 
slowly towards its equilibrium value and required sustained cycl-
ing of dynamic brake, as shown in Fig. 5.9(b). ' il 
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The same problem is studied with 1-pole opening and reclosing 
of the line whenever the speed falls below a level T. Thus for 
V! i - y R = '^ and power output P' = 0.65 P . The w vs 5> brake 
resistor and electrical power output as function of time are shown 
in Fig. 5.10. In this case the brake is used only once and 
1-pole opening and reclosing of the line is also made once. The 
brake is applied for 0.36 seconds and the 1-pole of the line is 
opened and closed after 0.15 seconds. This time is kept constant 
and is independent of the aim state. The first peak of the positive 
swing has a value of 2.66 radians and the negative peak has a value 
of 0.31 radians. The second swings are much reduced and the per-
formance of the system is better than with minimum angle or minimum 
norm strategy suggested by A. Sen and J Meisel. 
5.5 CAPACITOR AND |-POLE BREAKER SWITCHING: The bang-bang control 
of series capacitors has been effectively applied for the improvement 
of stability and control of electromechanical transients [11 ]. The 
same control process may be implemented with a 1-pole autoreclosing 
circuit breaker and a series capacitor. 
A power system model consisting of two tie lines interconnect-
ing a power grid to an infinite bus system with a series capacitor 
and autoreclosing breakers is shown in Fig. 5.11. The power - angle 
diagram for the system is shown in Fig. 5.12. Curve 1 of this 
figure refers to the case when both the tie lines are in service 
and curve 2 to that of only one line in operation, Curve 3 is for 
one line in circuit and capacitor C inserted and dUf^ ve 4 when 
C is removed but one pole of the circuit breaker CB_ is opened. 
- 86 
f 
At 
in 
8 -
6 -
to It-
er 
^ 2 -
3 S(Racl ) 
F I G . 5.10(a) PHASE PLANE PLOT (With autoreclosing ). 
7-
6 -
^ 5-
4-
3 
cf 2H 
0-0 0*2 ?A ? 6 JTi iTo iT2 TTA 1^ 6 TiT 
FIG6.10.(b). PLOT OF BRAKE RESISTER Vs TIME 
- 8 7 -
O CB 1 
CBz 
C B ^ C B 4 
— n n n n p — 
CBd CB4-
—nrar^— 
I 
/ LARGE 
y SYSTEM 
I 
/ 
/ 
F I G . 5 . 1 1 . SYSTEM MODEL 
- 8 8 -
1 
40 80 120 160 200 
ANGLE (DEGREES ) >-
F I G . 5 - 1 2 . POWER ANGLE DIAGRAM-
u 
a: 
B S(DEGRE"eS) 
F I G . 5.13. PHASH PLANE PLOT 
89 
Ps is the mechanical power input and 6^ is the angle at steady 
state. If one of the line is opened because of some fault on 
that line, the system is in a state of transient disturbance 
and may or may not settle at the target angle 6s. If the system 
could be transferred from state A of phase plane plot to state B 
without oscillations, the system will settle to the new steady 
state (Fig. 5.13). 
Using optical control theory a control variable U is added 
in series with the admittance parameter and the system equation 
can be written as 
nf^ 
X^ = -r^ [ Ps - E^ Eg (Y^2 + U) sin X^] 5.10 
The system governed by this equation is to be transferred 
from the initial state A to the target state B by means of a 
proper control strategy where U <« U ^  U^. The initial and final 
states are given by 
X ^(0) = 6^  ; XgCO) = 0 5.11 
X^(T) = 6s ; XgCT) = 0 
The time at the beginning of the transient disturbance is taken 
as zero. T is the time to reach the target state. 
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The index of performance is chosen as the time T to reach 
the target state. This time T is to be minimized. Expressing 
the index of performance as an integral 
T 
Index of performance = f dt = T 
o 
Defining a third state variable X_ such that the value of X„(T) 
is the value of I.P. at time T, then X (0) = 0 ; Xg(T) = IP(T); 
X3 = 1. 
Using the maximum principle the Hamiltonian function is 
defined as 
= " A -^  "2 -ir- [ Ps - ^1 ^2 (^ 12 + 4) sin X^] +n3 
where n^  , Ur, and n„ are adjoint variables defined by 
^o 
E^Eg (Y12 + U) cos X^ ^1 
"2 
"3 
= 
= 
X^ 2 H 
X, = - "1 ^ 
h = 0 
^3 
5.12 
The value of n^CT) = - 1 
and the optimal control U is that control from the class of 
admissible controls that minimized the Hamiltonian. Thus 
U* = U^ if sign ( -n^ sin X ^ ) ^ 0 
= U^ if sign (-n^  sin X^)< 0 5.13 
not defined if ( - n„ sin X^) = 0 
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Hence the optimal control is bang-bang in nature. It should be 
either U- or U . 
5.5.1. NUMERICAL EXAMPLE: The same example as used by D.K. Reita 
and N. Ramarao is considered here. Here E^  = E- = 300 KV. The 
tie lines have reactances of 120 ohms and 60 ohms respectively. 
When both the tie lines are in service P^  = 6750 MUA. The normal 
load on the system is 4230 MVA. The value of P„ when the line 
with 120 ohms of reactance is opened is 4500 MVA. Choosing a per 
unit power 6750 MVA and p.u. voltage of 300 kv, the p.u. reactance 
is 40 ohms. Therefore the various quantities in p.u. are 
E^ - E2 = 1.0 P^ = 1.0 Pg = 0.667 
P = 0.627 6^  = 0.677 radious and 
s 1 
6s = 1.23 rad. 
The basic control strategy is as follows when a fault occurs 
on one of the tie lines the circuit breaker CB is opened and 
simultaneously 1-pole of circuit breaker CB„ is also opened. At 
an appropriate instant corresponding to the angle S^ _ as decoded 
by the switching function of equation 5.13. The 1-pole of breaker 
CB_ is closed and CBp is opened, introducing a capacitor C in 
series. CB„ is again closed when o= 0. The system will remain 
in equilibrium at the target state. 
The synthesis of optimal controller is done by the technique 
of forward and backward integration of state equations, using 
the appropriate value of U^  and U„. For this example the value 
of Up is fixed at - 0.227 corresponding to the line reactance 
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due to opening of 1-pole of the breaker. The variation of U^  
from 0.133 to 0.533 is made and the trajectories are drawn in 
Fig. 5.14. From these the value of capacitor required in micro-
farads is as follows: 
U C = yF 
0.533 26.67 
0.433 23.64 
0.333 20.00 
0.233 15.56 
0.133 11.96 
The particular value of capacitor may be chosen from the point of 
view of lesser frequency deviation. 
5.6 CONCLUSIONS: In this chapter three switching schemes for the 
minimization of angular swings in a power system have been suggested. 
The first scheme of simple autoreclosing breakers is applicable for 
a single circuit line only. The scheme can not improve the transient 
stability limit of the system. 
In the second scheme use of 1-pole autoreclosing breaker 
along with braking resistor is suggested. The improvement in 
transient stability is obtained along with reduction in electro-
mechanical transients. The scheme can be implemented using simple 
method of speed control and using only local measurements. 
In the third scheme capacitor switching along with 1-pole 
autoreclosing is shown to improve the transient stability and 
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reduction in transient time. The system settles at its new 
steady state in minimum time. The scheme can be used where 
series compensation is necessary and filters are already used 
to avoid sub-synchronous resonance. 
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CHAPTER VI 
CONCLUSIONS AND SUMMARY 
6.1 OBJECTIVE 
The main objective of this thesis is to propose switching 
schemes for the improvement of transient-stability as well as 
for minimization of swings in a power system. With the help of 
mathematical models the application of these schemes in certain 
typical cases has been studied. The major contributions made 
in the thesis are given in following sections. 
6.2 120-DEGREE PHASE ROTATION SCHEME: For the first time a 
new technique of 120-degree phase rotation for the improvement 
of transient-stability has been suggested. Chapter 2 and 3 deal 
with the application of this scheme for the improvement of trans-
ient stability limit of a single machine and multimachine power 
system. The simple models as well as detailed models of the 
power system have been used. 
It has been clearly demonstrated that a great improvement 
in stability is possible for a remote power station connected to 
a large system through long transmission lines and two large systems 
connected via weak tie lines. If double circuit lines are used 
fast valving which is very simple and economical can be used with 
fossil fired units. 
Compared to other methods of improving stability the 
120-degree phase rotation method has the advantage that no control 
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action is taken unless the system is actually unstable. The 
developments in fast acting switch gear will make this scheme 
more attractive. 
The problems of transient shaft torques is not likely to 
be very severe and the problem of over voltages can be solved 
by using zinc oxide surge arrestors. 
6.3 STABILITY ENHANCEMENT WITH 360-DEGREE PHASE ROTATION: 
In chapter 4 a switching scheme utilizing series capacitor and 
fast valving is suggested. The system stability is improved after 
360-degree phase rotation. The advantages of fast valving and 
series capacitor switching are fully exploited whereas their 
disadvantages are removed. Since the series capacitor is switched 
in III and IV quadrant (180 - 360°) the chances of super-synchronous 
resonance are eliminated. The resonant frequencies are higher 
than normal system frequency therefore sub-synchronous resonance 
can not occur. The 360-degree phase rotation provides ample time 
for fast valving and excitation boosting to be effective. 
The scheme has the similar advantage of 120-degree phase 
rotation scheme that the control action is taken only when the 
instrability is imminent. It requires lesser number of switches 
but the cost of the capacitor is extra. This scheme is very use-
ful for a remote power station feeding to a large power system. 
6.4 MINIMIZATION OF SWINGS: In chapter V of the thesis some new 
switching methods using autoreclosing breakers have been suggested 
for the reduction of electromechanical swings in a power system. 
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Using simple power system models the use of 3-pole autoreclosing 
breaker is shown to bring the 1-line system to steady state without 
oscillations. The microcomputers can easily be used to identify 
the time and the duration of switching. 
In next sections the application of 1-pole autoreclosing 
breakers is made along with a dynamic brake or a series capacitor. 
Using simple power system models, switching schemes using optimal 
control theory are formulated. The advantage of using autoreclosing 
breaker with these schemes is also demonstrated. 
6.5 SCOPE FOR FURTHER WORK: In 120-degree phase rotation scheme, 
the calculation of transient shaft torques due to switching have 
been assumed to be not very severe. However phase rotation switching 
scheme presents the possibility of torsional fatigue due to the load 
rejection switching and due to malsynchronization during reclosing. 
Determination of whether the transient shaft torques level is really 
less than that can cause significant torsional fatigue can be studied. 
The over voltage problem in an specific application can also 
be studied. The design of high speed synchromisers using conventional 
out-of-step relays or some new form of out-of-step relaying can be 
taken to ensure proper switching sequences. 
For 360-degree phase rotation scheme more regorous analysis 
regarding no possibility of super-synchronous resonance can be made. 
For minimization of swings the power system models used 
in the thesis are second order only. For applications in a real 
system higher order models can be used and the problem analysed in 
detail. 
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APPENDIX B 
Excitation System 
IEEE Type 1 excitation system is considered in the present 
analysis and the configuration is shown in fig. B.l. The 
type 1 excitation system is representative of the majority 
of the systems now in service. The fig. 1 shows the signifi-
cant transfer functions which should be included for satisfactory 
representation in computer studies. 
By inverse transformation the following three differential 
equations are obtained. 
^fd = 1^ ( ^ E \ - Vfd ) <^1 
V R = f^ [ ^ A^'vl^^.j-Vg-V^) - V^] (B2) 
K= f f s^ f^d - \^ 
s 
S £i 
where V is the generator terminal voltage and is given by 
V = (V ^  + V^^)* 
g q d ^  
Data for the controllers 
Excitation system 
KA = 50.0; T^ = 0.02; 
T^ = 0.146 K = 0.057 
£j S 
Power system stabilizers (PSS) 
K = 96.0 T. = 3.0 P 4 
T^ = 0.15 T^ = 0.05 b 6 
• 
(Fig. 
Kg = - 0. 
T = 0.45 
s 
B2) 
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APPENDIX C 
The steam flow path in a fossil fired steam turbine unit is 
shown in Fig. CI and its block diagram in Fig. C2. The turbine 
and speed governor parameters are given below: 
G^ = 0.0796 s/rad. T^^ = 4.0 s 
T^ o = 1-0 s T^^ = 0.25 s 
T, = 0.1 s T_ = 0.51 s Ic 5 
T^ = 0.1 s Y^ = 0.8 8 12 2 o 
T = 14.4 s 0^ Y^ S 1 
T = : T,o , x^. 0 
•^^4c; ^ < o 
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BUS Nc 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20" 
21 
22 
23 
24 
25 
26 
27 
Number 
Number 
Table ^ 
of buses 
of lines 
.1: 
1 
Generation 
MW 
630.667 
0.0 
560.0 
0.0 
0.0 
98.0 
0.0 
297.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
184.08 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
304.0 
MVAR 
169.722 
0.0 
149.492 
0.0 
0.0 
'\ 31.986 
0.0 
124.227 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1114.0 
0.0 
i 
! 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
' 0.0 
; 0.0 
; 0.0 
0.0 
76.286 
APPENDIX 'D* 
=, 71 
= 94 
Number of Machines = 13 
Number of shunt 
BUS DATA 
Load 
MW 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
12.8 
0.0 
' 185.0 
80.0 
155.0 
0.0 
I; 
Ij 100.0 
i 0.0 
0.0 
1 73.0 
36.0 
16.0 
32.0 
27.0 
32.0 
0.0 
; 75.0 
' 0.0 
1 133.0 
0.0 
i 0.0 
Power 
MVAR 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
8.3 
0.0 
130.0 
50.0 
96.0 
0.0 
62.0 
0.0 
0.0 
: 45.5 
1 22.4 
9.9 
19.8 
' 16.8 
: 19.8 
' 0.0 
46.6 
0.0 
82.5 
0.0 
0.0 
capacitors = 23 
Bus Voltage 
Mag 
1.030 
1.057 
1.023 
1.054 
1.047 
1.025 
1.045 
1.025 
1.0433 
1.026 
1.023 
1.003 
1.007 
! 1.004 1 
! 1.005 
1 1.024 
i 1.005 
1.009 
0.981 
1.003 '' 
1.016 ' 
1.008 
1.036 ' 
0.S85 ; 
1.039 I 
1.016 j 
1.025 
Angle 
0.0 
-5.931 
-1.406 
-6.061 
-5.064 
0.397 
-5.723 
-0.204 
-4.976 
-7.413 
-11.762 
-10.057 
-13.839 
-11.984 
-9.413 
-16.682 
-14.460 
-17.881 
-19.786 
-21.838 
-21.376 
-17.625 
-19.815 
-16.193 
-17.441 
-14.382 
-5.453 
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28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
0.0 
261.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
25.0 
0.0 
0.0 
0.0 
0.0 
180.0 
0.0 
0.0 
0.0 
341.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
300.0 
0.0 
70.506 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
30.383 
0.0 
0.0 
0.0 
0.0 
: 55.036 
0.0 
0.0 
i 0.0 
256.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
• 0.0 
0.0 
0.0 
0.0 
: 0.0 
0.0 
0.0 
0.0 
0.0 
72.882 
30.0 
0.0 
120.0 
160.0 
0.0 
0.0 
112.0 
0.0 
50.0 
147.0 
93.5 
0.0 
0.0 
• 255.0 
0.0 
0.0 
( 0.0 
0.0 
78.0 
234.0 
1 
! 0.0 
; 295.0 
40.0 
227.0 
0.0 
0.0 
108.0 
25.5 
0.0 
55.6 
42.0 
57.0 
0.0 
0.0 
40.0 
33.2 
0.0 
20.0 
0.0 
74.5 
99.4 
0.0 
0.0 
69.5 
0.0 
32.0 
92.0 
88.0 
0.0 
0.0 
123.0 
0.0 
0.0 
0.0 
0.0 
38.6 
145.0 
0.0 
183.0 
24.6 
142.0 
0.0 
0.0 
68.0 
48.0 
0.0 
35.6 
27.0 
27.4 
0.0 
0.0 
27.0 
20.6 
0.0 
1.055 
1.025 
1.057 
1.014 
1.025 
0.998 
1.306 
0.966 
0.994 
0.967 
0.972 
1.025 
1.018 
1.007 
0.979 
0.946 
1.025 
1.048 
1.020 
0.989 
1.005 
0.997 
0.977 
1.005 
0.957 
0.972 
1.004 
0.985 
1.013 
1.016 
1.018 
1.013 
1.008 
1.019 
1.044 
1.042 
1.025 
-12.342 
-15 .513 
-19.947 
-22.817 
-15.936 
-25 ,515 
-29.639 
-21.803 
-34.030 
-37.982 
-37,638 
-34.166 
-36,913 
-34.778 
-31.484 
-27 .835 
-24 .448 
-30.514 
-32.678 
-29 .053 
-25 .781 
-30 .500 
-32.056 
-35.309 
-26.552 
-32 .845 
-35.318 
-31 .313 
-29.253 
, -29.967 
j -30 .261 
I -30 .715 
I -29.974 
i -27.874 
I 28.940 
! -27 .695 
-19 .401 
11? 
65 
66 
67 
68 
Q9 
70 
71 
! 0.0 
96.0 
0.0 
89.0 
0.0 
0.0 
0.0 
0.0 
25.636 
0.0 
26.689 
0.0 
0.0 
0.0 
1 0.0 
0.0 
14.0 
0.0 
0.0 
11.4 
0.0 
i 
0.0 
0.0 
6.5 
0.0-
0.0 
7.0 
0.0 
1.057 
1.025 
1.055 
1.025 
1.050 
0.998 
0.927 
' -24.662 
-20.610 
-25.641 
-19.829 
-25.363 
-34.790 
-.35.329 
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Gen 
Bus 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Bus 
No 
^ 
3 
1 
6 
8 
1 
15 
' 27 
29 
39 
44 
48 
64 
66 
68 
Tated 
MVA 
1175.0 
665.0 
110.0 
; 335.0 
* 275.0 
1 400.0 
300.0 
51.75 
220.0 
500.0 
376.0 
127.8 
103.5 
Inertia 
constant 
H(sec) 
12.9 
9.0 
1.923 
6.648 
2.59 
2.55 
2.70 
1.035 
5.43 
7.808 
7.14 
2.176 
1.473 
Open circuit 
Field Time 
Constant 
Td'o (sec) 
' 
j 
t 
1 
1 
i 
i 
j 
1 
1 
1 
7.0 
6.5 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
Direct axis 
Reactance 
Xd ph 
0.36 
0.535 
1.638 
0,567 
0.6 
0.9 
1.578 
2.705 
0.9118 
0.74 
0.532 • 
1.405 
1 
2.28 
Direct axis 
Transient 
Reactance 
Xd=X 
0.0488 
0.069 
• 
0.5278 
1 0.201 
I 0.244 
; 0', 1455 
1 0.1355 
1 1.082 
1 1 
1 0.227 
! 
I 0.0595 
1 0.13 
i 
; 0.486 
! 
0.599 
l i s 
Line 
No 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
TABLE D3: 
From 
Bus 
9 
9 
9 
9 
10 
7 
12 
11 
14 
13 
17 
7 
7 
4 
4 
4 
12 
17 
2 
4 
2 
31 
26 
25 
22 
24 
22 
2 
23 
21 
To 
Bus 
8 
7 
5 
10 
11 
10 
11 
i 13 
1 13 
16 
1 15 
6 
! 4 
3 
5 
12 
14 
16 
4 
26 
1 
26 
25 
23 
23 
22 
17 
24 
21 
20 
LINE DATA 
Line 
R 
0.0 
0.0320 
0.0660 
0.0520 
0.660 
0.0270 
0.0 
0.0600 
[ 0.0 
; 0.970 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0160 
0.0160 
0.0 
0.0 
0.0190 
0.0 
0.0340 
0.0 
0.2040 
0.0 
0.0 
0.0480 
0.0100 
0.0366 
0.0720 
Line 
X 
0.0570 
0.0780 
0.1600 
0il270 
0.1610 
0.0070 
0.0530 
0.1480 
0.0800 
0.2380 
0.0920 
0.2220 
0.0800 
0.0330 
0.1600 
1 0.0790 
1 0.0790 
i 0.0800 
1 0.0620 
j 0.0950 
1 0.0340 
1 0.1670 
i 
1 0.0800 
0.5200 
0.0800 
0.0840 
i i 0.2500 
0.0200 
0.1412 
0.1860 
i Y 
Charge 
0.0 
0.0090 
0.0047 
0.0140 
0.0180 
0.0070 
0.0 
0.0360 
0.0 
0.270 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0710 
0.710 
0.0 
0.0 
0.1930 
0.0 
0.1500 
0.0 
0.0130 
0.0 
0.0 
0.0505 
0.3353 
0.0140 
0.0050 
Turn 
Ratio 
1.05 
1.00 
1.00 
1.00 
1.00 
1.00 
0.95 
1.00 
1.00 
1.00 
1.05 
1.05 
1.00 
1.05 
1.00 
1.00 
1.00 
0.95 
1.00 
1.00 
1.05 
1.00 
0.95 
1.00 
0.95 
0.95 
1.00 
1.00 
1.00 
1.00 
116 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 : 
58 
59 i 
60 1 
61 
62 
63 1 
64 j 
65 j 
20 
19 
18 
28 
30 
32 
31 
28 
31 
31 
2 
33 
35 
35 
34 
36 
37 
40 
40 
38 
41 
42 
43 
47 
49 
49 
49 
50 
52 
55 
50 
53 
51 
55 
56 
19 
18 
16 
27 
29 
31 
30 
32 
47 
47 
32 
34 
33 
24 
36 
37 
38 
39 
38 
41 
51 
41 
42 
49 
48 
50 
42 
51 
50 
55 
53 
54 
54 
56 
57 
0.1460 
0.0590 
0.300 
0.0 
0.0 
0.0 
0.0 
0.005 
0.0100 
0.0100 
0.0158 
0.0 
0.0 
0.0062 
0.0790 
0.1690 
0.0840 
0.0 
0.0890 
0.1090 
0.2350 
0.0 
0.0 
0.0210 
0.0 
0.0170 
0.0370 
0.0 
0.0 
0.0290 
0.0100 
0.0 
0.0270 
0.0160 
0.0 
0.3740 
0.1500 
0.0755 
0.0810 
0.0610 
0.0930 
0.0800 
0.0510 
0.0790 
0.0790 
0.1570 
0.0800 
0.0840 
0.0612 
0.2010 
0.4310 
0.1880 
0.3800 
0.2170 
0.1960 
0.6000 
0.0530 
0.0840 
0.1030 
0.0460 
0.0840 
0.1950 
0.0530 
0.0840 
0.1520 
0.0520 
0.0800 
0.0540 
0.0850 
0.0800 
0.0100 
0.0040 
0.0080 
0.0 
0.0 
0.0 
0.0 
0.6706 
0.1770 
0.1770 
0.5100 
0.0 
0.0 
0.2012 
0.0220 
0.0110 
0.0210 
0.0 
0.0250 
0.220 
0.0160 
0.0 
0.0 
0.0920 
0.0 
0.0760 
0.0390 
0.0 
0.0 
0.0300 
0.0390 
0.0 
0.0060 
0.0170 
0.0 
1.00 
1.00 
1.00 
1.05 
1.05 
0.95 
0.95 
1.00 
1.00 
1.00 
1.00 
0.95 
0.95 
1.00 
1.00 
1.00 
1.00 
1.05 
1.00 
1.00 
1.00 
0.95 
0.95 
1.00 
1.05 
1.00 
1.00 
0.95 
0.95 
1.00 
1.00 
0.95 
1.00 
1.00 
1.00 
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66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
57 
59 
60 
53 
45 
45 
46 
46 
60 
61 
58 
62 
69 
69 
67 
65 
65 
65 
65 
67 
61 
57 
45 
70 
33 
71 
45 
35 
32 
1 59 
1 58 
' 59 
60 
44 
46 
41 
59 
62 
62 
62 
63 
68 
71 
66 
64 
56 
61 
67 
63 
42 
67 
70 
38 
71 
37 
41 
43 
52 
0.0280 
0.0480 
0.0 
0.0360 
0.0 
0.0370 
0.8030 
0.1070 
0.0160 
0.0 
0.0420 
0.0350 
0.0 
0.0230 
0.0 
0.0 
0.0280 
0.0230 
0.0240 
0.0390 
0.0230 
0.0550 
0.1840 
0.1650 
0.0570 
0.0 
0.1530 
0.0131 
0.0164 
0.0720 
0.1240 
0.0800 
0.1840 
0.1200 
0.0900 
0.1540 
0.1970 
0.0830 
0.0800 
0.1080 
0.0890 
0.2220 
o.iieo 
0.1880 
0.0630 
0.1440 
0.1140 
0.0600 
0.0990 
0.2293 
0.2910 
0.4680 
0.4220 
0.2960 
0.0800 
0.3880 
0.1306 
0.1632 
0.0070 
0.0120 
0.0 
0.0370 
0.0 
0.0100 
0.0170 
0.0210 
j 0.0160 
0.0 
0.0020 
0.0090 
0.0 
0.1040 
0.0 
0.0 
0.0290 
0.0240 
0.0950 
0.0100 
0.0695 
0.0070 
0.0120 
0.0110 
0.0590 
0.0 
0.0100 
0.4293 
0.5S6C 
IcGO 
1.00 
l.CG 
1-00 
1.0b 
1 c 00 
1 or 
l.OC 
0.95 
icOO 
loOG 
^ pp; 
1.00 
1.05 
1 o 05 
1. CO 
1.00 
1.00 
1.00 
IcOO 
loOO 
1.00 
too 
l.OC 
0.9r} 
IcOO 
1.00 
1.00 
ll^ ^ 
TABLE D4 SHUNT CAPACITOR DATA 
S.No. Bus Shunt Load Admittance 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2 
13 
20 
24 
28 
31 
32 
34 
35 
36 
37 
38 
41 
43 
46 
47 
50 
51 
52 
54 
57 
59 
21 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 ! 
0.0 i 
0.0 
0.0 
0.0 
0.0 j 
0.0 
-0.4275 
0.1500 
0.0800 
-0.2700 
-0.3375 
0.2000 
-0.8700 
0.2250 
-0.3220 
0.100 
0.3500 
0.2000 
0.200 
-0.2170 
0.1000 
0.3000 
0.1000 
0.1750 
-0.2700 
0.1500 
'^  0.1000 
0.0750 
0.0500 
APPENDIX F 
MACHINE PARAMETERS 
119 
Xado 
Xaqo 
Xal 
Xfdl 
Xkdl 
Xkql 
D 
= 
= 
= 
= 
= 
= 
= 
2.82 p.u 
2.67 p.u 
0.16 p.u 
0.16 p.u 
0.018 p.u 
0.018 p.u 
0 
r 
r 
r, 
]^ 
T 
H 
fd 
kd 
kq 
0.00115 p.u 
0.00114 p.u 
0.0063 p.u 
0.0063 p.u 
0.035 N.m. (p.u) 
3.48 second 
AVR PARAMETERS 
Gr 
Ga 
Gf 
Gex 
Gsf 
Em 
= 0.125 
= 9.3 
= 230 
= 0.0191 
= 0.00702 
= G.0663[vd^ +vq 
Tsm = 0.01 s 
Tf = 0.6 s 
Tst = 2.0 s 
Eo = 0.067025 p.u.v 
Er = Vfd 
1* 
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